An endonucleolytic activity is associated with purified PM2 bacteriophages. It converts the doublestranded supercoiled PM2 DNA mostly into the linear form that sediments as a homogenous peak in alkaline sucrose gradients. The same activity is found in intact or detergent-lysed phages. Optimal activity is observed between pH 6.8 and 7.5 at 28°. Divalent cations, Mg'+ or Mn2+, are necessary for activity, and the enzyme is inhibited by RNA. The endonuclease has no appreciable activity on linear DNA molecules, but it attacks singlestranded circular DNA.
PM2 bacteriophage infects a marine bacterium (Pseudomonas).
It contains phospholipids (1) , and ultrathin sections suggest that it has a membrane-like shell (2) . Its DNA is a doublehelical supertwisted (supercoiled) molecule (3), and its structural proteins are composed of four distinct polypeptides (4) . It was also found that a DNA-dependent RNA polymerase is associated with this phage (5) .
Since PM2 phages presented several features in common with certain animal viruses (phospholipids, double-helical supertwisted DNA molecules), we investigated if the comparison also holds for a phage-associated endonuclease, as an endonucleolytic activity has been reported to be associated with polyoma virions (6) and with simian virus 40 (SV40) virions (7, 8) .
We have purified PM2 phage and observed an endonucleolytic activity linked to the PM2 particles. Some properties of this endonuclease have been established and are described in this paper.
MATERIALS AND METHODS
Preparation and Purification of PM2 Phages. Phages (obtained from Dr. J. B. Le Pecq) were grown according to the method described by Salditt et al. (9) with the following modifications. Phages were concentrated by phase partition. The dextran sulfate was precipitated by adding 4 M; KCl to a final concentration of 1.1 M under vigorous stirring, and was removed by centrifugation. The viruses were then pelleted at 40 by an overnight centrifugation at 4300 X g. The resuspended pellet was chromatographed in a Bio-Gel A-5 m (200-40 mesh) column, equilibrated with NTC buffer (9) . Only the excluded material was collected. The viruses were purified by CsCl buoyant density centrifugation, then desalted on Sephadex G-25 equilibrated with NTC buffer. This preparation was used in the experiments reported below unless otherwise stated. Its purity was checked by electron microscopy. Velocity Sedimentation Analysis of the Endonuclease Products. Linear gradients of CsCl were made as described by Espejo et al. (15) . The density was from 1.25 g/ml to 1.45 g/ml in 0.1 M Na3PO4, 1 mM Na4EDTA. The gradients were provided with an 0.2 ml (1.75 g/ml) underlayer. Centrifugation was at 15°for 180 min at 40,000 rpm (rotor SW 50.1). The gradients were analyzed using an Isco fraction collector model 183 (1-cm path cell) connected with an Isco absorptiometer type UA 5. Action of Proteolytic Enzymes on PM2 Phages. Action of trypsin: the PM2 phage preparation (5.5 mg of proteins in 0.5 ml NTC) was incubated for 30 min at 25°with 100,ug of 
RESULTS
Presence of an endonucleolytic activity in PM2 phage preparation The PM2 phage preparations contained an endonuclease activity which was able to degrade PM2 DNA, as judged by zone sedimentation in alkaline conditions (Fig. 1 ). The enzyme activity was estimated by measuring the percentage of superhelical DNA (50S) that appeared as 21S material after incubation. No low-molecular-weight material was released from the form I DNA. The enzyme activity was proportional to the phage protein concentration, and was not modified when the reaction was carried out in the presence of a detergent (Nonidet or Triton X-100, 0.5% final concentration).
The endonuclease is a component of the phage particle Although the phage preparation was highly purified by several steps based on different physical properties of the phage, the endonuclease could be either a protein synthesized by the bacteria and adsorbed on the phage, or a component of the phage particle. This point was investigated by testing the deoxyribonuclease activity associated with the phage during the different steps of its purification.
In the bacterial lysate ( Fig. 2b ), besides the phage enzyme which gives form II DNA, there is (are) contaminating Enzymatic activity of the phage preparation at different steps of the purification. The enzyme activity was determined as described in Materials and Methods, using (a) as control no protein; (b) for the bacterial lysate 13.6 pg of proteins containing 6.5 X 108 PFU; (c) for the polyethylene glycol phase 14.2 pug of proteins, 6 X 106 PFU; (d) for the dextran sulfate after KC1 precipitation 6.9 pg of proteins, 7.8 X 109 PFU; (e) for the supernatant of the low-speed centrifugation 6.6 pg of proteins, 7 X 107 PFU; (f) for the pellet, 46 pug of proteins, 5 X 1010 PFU; and (g) for the phage after CsCl centrifugation and Sephadex G-25 chromatography (last step of purification procedure) 11 jpg of proteins containing 1.6 X 1011 PFU. Incubation was for 30 min at 28°as described in Materials and Methods, using for gradient (a) 2 nmol and for other gradients 4 nmol of PM2 [PHDNA (specific activity 6000 cpm/nmol). Sedimentation was from right to left. DNase(s) which degrades PM2 DNA to more slowly sedimenting material. More than 90% of proteins from the lysate and less than 2% of the phage particles were found after phase partition in the polyethylene glycol phase. This phase contained most of the contaminating DNase(s) (Fig. 2c) . However, the dextran phase was still contaminated (Fig. 2d) . Pelleting the phage eliminated a large part of the contamination that was found in the supernatant (Fig. 2e) , whereas the phage pellet contained little of contaminating enzyme (Fig. 2f) . The slight contamination that remained in the phage preparation at this step of purification, (about 10% of the labeled material sediments more slowly than 21S material) was removed by Bio-Gel chromatography, where it was retarded, whereas the phage particles were eluted with the high-molecular-weight material (data not shown). However, the phages were further purified by CsCl buoyant density centrifugation, and desalted by Sephadex G-25 gel chromatography in NTC buffer. When this final preparation was used as enzyme source, even with protein concentrations 3-fold higher than (Fig. 2g) , there was no evidence of slowly sedimenting material, nor of asymmetry in the peak of 21S DNA. During this purification procedure, the specific activity of the PM2 nuclease (ratio of enzyme activity to PFU) decreased through elimination of the contaminating nucleases from the host, and reached a plateau for the last two steps of purification.
Requirements for enzyme activity
The enzyme was active at pH values ranging from 5.50 to 8.50, with a broad maximum around pH 7.20, in the presence of 0.01 M MgCl2. The enzyme requires divalent cations for activity. The optimal MgCl2 concentration was 10 mM. MnCl2 was as effective as MgCl2; CaCl2, however, cannot substitute for MgCl2. Since no activity was found in the presence of EDTA, it was, therefore, used to stop the reaction. The activity of PM2 endonuclease was inhibited by 10 mM mercaptoethanol and by 10 mM glutathione. Twenty percent of activity remains in the presence of either 50 mM NaCl or 50 mM KCL. CsCl up to 100 mM was ineffective as an inhibitor. Rat liver RNA (17) was an inhibitor of the endonuclease:
17% of activity remained when 2.6 ,ug of rat liver RNA were added to the standard incubation mixture.
Treatment of PM2 phages with dichloromethane (18) increased the enzyme activity. Optimal enzymatic activity was obtained at 280. The activity was completely destroyed by heating the phages at 1000 for 15 min, either in the presence of 0.01 M EDTA, or in the presence of dithiothreitol. Treatment of PM2 phages by trypsin or Pronase alone did not modify the specific activity of the phage enzyme. However, if the same experiment was run in the presence of Triton X-100, the activity was completely destroyed.
Enzyme activity remained constant when the preparations were stored up to 8 weeks at +4°, under sterile conditions. This experiment supports the hypothesis that the active site of the PM2 endonuclease is outside of the phage particle and is readily accessible to exogenous substrate, whereas the DNA inside the phage is in a protected form.
Mode of action of PM2 endonuclease The experiments reported above suggest that the product of the reaction is a molecule of DNA of definite length. This was ascertained by incubating PM2 [8H ]DNA with phage particles for longer times and with higher amounts of phage (Fig. 4) . After about 10-min incubation time, all the ['H]DNA was converted into 21S material, and increasing the incubation time up to 60 min and the amount of phage 4-fold did not modify the gradient patterns; there was no evidence for asymmetry in the 21S peak and no low-molecular-weight material appeared. These results show that the enzyme activity is a limited one, and that the phage preparations are devoid of the contaminating endo-or exonucleases that were found in the bacterial lysates. The reaction products were characterized by centrifuging through alkaline CsCl gradients under conditions that allow The results showed (Fig. 5 ) that after short incubation times a large peak of linear molecules appeared, associated with a discrete peak of circular molecules. The PM2 endonuclease reaction products were spread and examined under neutral conditions by electron microscopy as described in Materials and Methods. Linear molecules had a unit length genome. Samples were aliquots of PM2 endonuclease products analyzed under alkaline conditions by CsCl velocity sedimentation, as illustrated in Fig. 5 Electron microscopy analysis of the reaction products confirmed the formation of circular and linear molecules, followed by the disappearance of circular molecules as incubation times were increased (Table 1 ). All the products of the PM2 endonuclease action appeared to be unit length linear molecules. The decrease of circular molecules suggests that the first action of the PM2 endonuclease is to introduce a single-stranded break, followed by a second hit on the opposite strand, in the vicinity of the first one.
Substrate specificity As shown in Table 2 , the activity of PM2 endonuclease on linear DNAs, if any, was less than 5% of the activity found on supertwisted form I PM2 DNA molecules. However, the supertwisted DNAs tested were not attacked at the same rate:
PM2 and fd DNAs were good substrates for the endonuclease, although PM2 DNA was more rapidly hydrolyzed, but SV4O DNA showed a low susceptibility to the enzyme. Spontaneously nicked PM2 DNA was less rapidly degraded than supertwisted PM2 DNA. The reaction rates were about equal -on single-stranded and replicative double-stranded fd DNAs.
DISCUSSION
The results presented in this paper indicate that PM2 bacteriophage contains an endonuclease activity that converts the double-stranded supercoiled PM2 DNA mostly into linear molecules.
Several lines of evidence strongly suggest that the endonuclease activity is associated with the phage particles. First, during phage purification, contaminating activities belonging to the bacteria are eliminated by the purification steps. It should be pointed out that exclusion gel chromatography that removes the last traces of detectable contaminating DNases has also been found to eliminate a Mg2+-dependent ATPase activity from PM2 phages (2) . Secondly, the action of proteolytic enzymes on the PM2 particles, followed by further purification, does not influence the specific activity of the preparation.
The PM2 endonuclease is either Mg2+-or Mn2+-dependent and acts at neutral pH. The optimal temperature for enzyme activity is the same as for growth of the host cell, Pseudomonas BAL-21. This temperature is also optimal for the activity of The PM2 endonuclease cleaves the supertwisted PM2 DNA, giving unit-length linear molecules, as shown by zone centrifugation and electron microscopy experiments. The reaction products are first composed of nicked and linear molecules, then the number of nicked molecules decreases. This suggests that the enzyme cuts one strand of the supertwisted molecule and that this first break is followed by a second hit on the opposite strand, in the vicinity of the first one. However, the existence of some nicked PM2 DNA molecules resistant to further action of the enzyme cannot be ruled out, since all the analyzed samples still contained nicked molecules.
-A characteristic of this enzyme is an increased efficiency for opening supertwisted DNA, compared to nicked DNA. Such difference is not true for eukaryotic DNases which do not recognize tertiary structure of DNA (19) . The PM2 endonuclease does not seem to have an absolute base sequence requirement, since (i) linear DNAs from microorganisms do not appear to be degraded in our experimental conditions, and (ii) the enzyme exhibits more activity on superhelical PM2 DNA than on the nicked one. The superhelical DNAs tested are not equally good substrates. This could be explained by the fact that the enzyme recognizes a superhelical configuration. PM2 DNA, which has a higher superhelical density (20) , is more sensitive than fd DNA, but the small difference of superhelical turns density between fd and SV40 DNAs cannot account for the difference in their susceptibility to the enzyme. The activity of the PM2 endonuclease upon single-stranded fd DNA suggests that it could act on specific regions of the DNA molecules. Such a mechanism has already been described for the action of single-strand-specific nuclease S1 upon polyoma DNA (21) . Henry and Knippers (22) have also postulated the existence of specific structures in the DNA molecules (hairpin regions) to explain the action of OX 174 gene A endonuclease upon viral and replicative DNAs. Recently, Parodi et al. (23) have shown that the polyoma-associated endonuclease preferentially cleaves supertwisted DNA at sites where the DNA strands are not hydrogen-bonded.
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